The past year has seen significant advances in the field of protein translocation:
Introduction
Eukaryotic cells contain numerous organelles, each enveloped by its own membrane. A membrane must form an effective sea wall of sorts, separating organelle from cytosol. But as no organelle is entirely self-sufficient (or, to strain the metaphor, an island), the membrane surrounding it must also be permeable, allowing the entry and exit of various ions, sugars, nucleotides and proteins. Every organelle, for instance, must import proteins that are synthesized in the cytosol. Import is a two-step process. First, proteins must be targeted to their destination. Then, they must cross the membrane (or, more specifically, the membrane permeability must be modified to allow the selective vectorial transport of the proteins). Those proteins that will become integral to the membrane must, further, become stitched into the bilayer in their proper topography.
Over the past 20 years we have learned a great deal about the first step, protein targeting [ 11. A signal in the primary amino acid structure of the protein (the signal sequence) is known to be both necessary and sufficient to target the protein. Once this signal is synthesized, a cytosolic factor called signal recognition particle (SRP) binds to it, as well as to the ribosome. Protein translation is inhibited until the SRP interacts with a receptor (SRP receptor) on the endoplasmic reticulum (ER). The signal sequence is then displaced from the SRP in steps requiring GTP hydrolysis, protein synthesis proceeds and the nascent polypeptide translocates across the membrane (though not necessarily in that order).
Our knowledge of the second step, how secretory proteins cross the membrane and how integral membrane proteins are stitched into the bilayer, is considerably more limited. For instance, three different techniques (genetics, biochemical fractionation and chemical crosslinking) identified three disparate, non-overlapping sets of molecules considered key to translocation. In addition, no overlap was found between the molecular machinery identified in prokaryotes, yeast or mammals, even though there is conservation of function between them. During the past 2 years, however, investigators have added new techniques to their arsenal, such as membrane solubilization and reconstitution, electrophysiology and fluorescence. This article reviews some of the consequences of this work. Among the significant advances have been a greater appreciation for the ubiquitous role of SRP and the membrane proteins involved in translocation as well as new insights into the mechanisms by which proteins cross membranes. Targeting proteins to the membrane SRP was originally fractionated from mammalian cytosol as a complex of six proteins [ 21 and a 7s RNA [3] that is essential to translocation [4] . SRP fulfilled three functions in vitro binding signal sequences [5, 6] ; inhibiting the translation of nascent polypeptides containing signal sequences [4] ; and interacting with a cognate receptor (the SRP receptor) on the membrane of the ER, which released the block of protein synthesis [ 7, 8] . Each of these functions has been mapped to a separate discrete region of the SRP using biochemical fractionation [9] . Most of the current experimental questions can be divided into spectic categories. Does translation arrest occur in viz& How does SRP (or, more specifically, the 54kDa subunit of SRP) recognize signal sequences (whose structures are extremely diverse)? How does SRP interact with its receptor? Is there an SRP in yeast or bacteria? What is the role of GTP?
Our knowledge about SRP has recently increased thanks to evidence for its role in yeast, Escbericbia coli and Bacillus subtdis and detailed analyses of the functional roles for its different subunits and membrane-bound re- This result is particularly sign&ant in light of the observation that SRP54G is highly homologous to the GTPbinding domains of the SRP receptor [lO,ll] . The role of GTP in n-an&cation [16-181 has yet to be fully elucidated. However, by combining site-directed mutations in the GTP-binding domain with biochemical reconstitution in a mammalian system, it has become possible to dissect and identify discrete steps in the process of SRP-SRP receptor binding and signal sequence displacement [l!?] . This approach holds great promise for identifying the role(s) of GTP in translocation.
Although SRP was readily identiIied in biochemical assays in mammalian systems, it was undetectable in yeast or bacterial transport or genetic assays. However, sequence analysis revealed homologues of the 7s RNA, the 54kDa subunit and the SRP receptor in yeast [20-251, E. coli [ 11,26,27] The role of cytosolic factors in translocation was established because of the availability of a biochemical assay for fractionating and reconstituting translocation [62] . The list of potential membrane components has grown over the past few years in the absence of a similar technique for fractionating membrane proteins. The ability to solubilize, fractionate and reconstitute membranes that still translocate [63-65] is a powerful tool for test- . These electrophysiological results parallel observations using a probe incorporated into nascent translocating chains whose fluorescence is affected by the hydrophobicity of their environment [74*]. While translocating across the membrane, the probe reports an aqueous environment. However, the fluorescence cannot be quenched by iodide, again indicating that while a chain is tmnslocating, the channel is relatively impermeable to ions. This approach was used to demonstrate further that the signal sequence, when in the context of a translocating protein, does not partition into the lipid bilayer. Moreover, there is a tight ion-impermeant junction between the ribosome and the membrane when a chain is translocating.
These observations are consistent with results from other systems. First, channels very similar to those observed in the ER 1731 were observed in the plasma membrane of E. coli upon addition of very low ( < r&I) concentrations of signal sequences [ 75.1. This suggests the signal sequence is a ligand that opens the protein-conducting channel. Likewise, a general increase of conductance was observed when pre-proteins were added to E. coli plasma membrane vesicles [76*]. Second, the conductance of channels in the mitochondrial membrane was substantially reduced, or blocked, in the presence of a peptide resembling a mitochondrlal targeting signal, suggesting that the peptide is entering the channel and slowing the flow of ions [77*]. Third, when crosslinkers were incorporated into nascent chains, they could be linked to other transmembrane proteins but not to lipids, indicating that proteins are shielded from the hydrocarbon core of the membrane [78*]. However, these results raise two immediate problems. First, if proteins are in an aqueous pore, what moves them across the membrane? Second, how do transmembrane proteins get out of the channel and into the bilayer?
A Brownian ratchet has beeri proposed as the mechanism that moves proteins across membranes [79*]. The model assumes that proteins are in a protein-conducting channel and the translocating chains see different chemical environments on the two different sides of the membrane. A protein in a channel should reptate back and forth from thermal energy. But, if a protein is modified in the lumen of the ER (by addition of sugar groups or binding by lumenal contents) the protein will not be able to move out of the lumen., It would reptate back and forth until it finally crosses the membrane. Quantification of this model demonstrated that it can account for the kinetics of protein translocation [79*]. It has also withstood a number of experimental tests: the lumenal protein BiE is one of the main proteins that can be cross-linked to a translocating chain [58=]; BIP is needed in reconstituted yeast ER vesicles for translocation [80*] and lumenal ER proteins are required in reconstituted mammalian microsomes for unidirectional translocation [81*] ; addition of a glycosylation site to a short protein ensures the vectoriality of transport [82*] ; once a chain is partially across the membrane, it will fully translocate in the absence of any additional energy source [ 83.1. It has been suggested that chaperone proteins may pull the nascent chain through the membrane [ 83*,840]. The Brownian ratchet is a mechanism for transducing chaperone binding to protein movement.
Integration of membrane proteins
Little is known of the biogenesis of membrane proteins. One approach has been to screen for mutations in yeast that selectively block translocation of membrane 
Conclusion
This year has seen 'great advances in the study of protein transkxation. The functions of each of the subunits of SRP and the SRP receptor were further elucidated. The combination of genetics and chemical labeling provided critical evidence for identifying the key membrane components. These can now be tested with a biochemical technique for solubilization, fractionation and reconstitution of membrane components that has proven its ability as a discriminating functional assay. Despite the identification of many new components, the overall picture of protein translocation has been simplified: functions have been identified for proteins; homologies between systems have been recognized. Growing evidence has supported the hypothesis that proteins translocate through protein-conducting channels that shield them from the hydrocarbon core of the bilayer.
These advances, however, beg further questions. How are transmembrane proteins integrated into the bilayer? What determines that a sequence should be a transmembrane domain? Are transmembrane domains translocated with the same machinery as secretory proteins? Are transmembrane segments sequentially inserted into the membrane, or are larger domains inserted? How do transmembrane segments partition from the translocation apparatus into the lipid bilayer? Are protein-conducting channels a general mechanism for protein movement across membranes, for example, in the transport of a-factor by S'T'E-6
[93] or hemolysin by HlyB,D [ 94]? For that matter, are transmembmne aqueous pores a general mechanism for moving all hydrophilic molecules (sugars, amino acids and nucleotides) across membranes? While substantial progress has been made and many new issues are being raised, it is p&haps significant to remember that even some of the most fundamental issues in protein translocation, such as identifying the essential physical characteristics that define a signal sequence, have yet to be resolved. 1992, 267:1932-1937 . This paper and [37*] used a temperature-sensitiv mutation in the 7s RNA of the SRP in the yeast E lipofytica The mutation caused a conditional block of growth and selective inhibition of synthesis of secreted proteins, suggesting that SRP-induced translation arrest was still occurring in the mutation.
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